Utilising dynamic simulation methods to estimate manufacturing resources, can improve unit cost estimation and aid design decisions. This paper introduces a framework specification that combines Computer Aided Design (CAD), Computer Aided Process Planning (CAPP) and Discrete Event Simulation (DES) technologies. The framework is used to aid a design team in understanding the consequences of design decisions in terms of cost and manufacturing resources, by returning unit cost and manufacturing based results, directly to the design team, within the design environment. Dynamic Resource Estimation System (DRES) is a system being developed to implement the framework and is presented in this paper.
INTRODUCTION
A Product Development Process (PDP) represent the life cycle of a product from conception of the initial idea, through design, manufacture, operation and finally disposal. A PDP typically contains a number of stages that can be classified into categories. The Rolls-Royce PDP (Rolls-Royce Plc, 2005) , illustrated in Figure 1 , contains seven stages and three categories. This paper will focus specifically on stage 1, developing the preliminary design of a product that fulfils a business opportunity. To complete a stage and continue along the PDP, a series of reviews are undertaken, that include (Rolls-Royce Plc, 2005) : manufacturing capability and capacity, supply chain capability and capacity, design and cost. Once stage 1 is complete a decision can be made whether to make a formal offer to the customer and continue the PDP to stage 2.
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The product development process tries to minimise risk by reviewing and completing formal gates that must be passed before the next stage can be commenced. Reviewing a product before it is fully defined can be difficult. For instance, Figure 2 shows how the cost of a product is not fully determined until production has begun, and the majority of unit cost is unknown until the product design is frozen. Cost estimation tries to move the cost determination line towards the start of the design process, by aiding designers to analyse and understand the consequences of design decisions in terms of cost at the preliminary design stage (Sandberg Boart and Larsson, 2005) .
Rush et al (2000), Curran et al (2004) , Niazi et al (2006) and Tammineni (2007) have extensively reviewed cost estimation research and methods. The main cost estimating methods include: analogy, parametric, activity and feature based methods.
Figure 2: Product creation and costs (Layer et al., 2002, Miles and Swift, 1998) These main cost estimation methods have various shortcomings, such as: basic visualisation in the modelling environment, little support to a user with limited programming skills, minimal ways to present manufacturing knowledge to the user and uncertainties are applied in a black box approach. These shortcomings have been addressed with the development of the knowledge based cost modelling system (Scanlan et al., 2006 , Tammineni, 2007 .
The knowledge based cost modelling system has addressed many shortcomings of the main cost estimating methods, but still contains limitations. The main limitation is an inability of static models to fully represent dynamic systems. A static model is defined as a representation of a system at a particular point in time (Law and Kelton, 2000) . When a static model tries to represent a dynamic system, such as a factory that machines components, each operation is represented individually, and a component flows through each operation sequentially without the need to wait in a queue. A dynamic model can represent multiple components within a factory, which wait in queues, for uncertain periods of time, until machine capacity becomes available. Therefore, the complete manufacturing time is accounted for within a dynamic model.
Discrete Event Simulation (DES) is a widely used method for studying the design and operation of manufacturing systems (Creighton and Nahavandi, 2003 , Knoll and Heim, 2000 , Venkateswaran YoungJun and Jones, 2004 . By combining DES to the knowledge based cost modelling system the next level of cost estimation refinement can be achieved. In order to achieve this Computer Aided Process Planning (CAPP) can be utilised.
CAPP is defined as a system that can interpret a component design in terms of features, to automate process planning of component manufacture. Process planning is defined as the preparation of a set of instructions, that detail which manufacturing processes and machines should be used, in a specific sequence, to manufacture a component design specification from raw material to finished product (Marri Gunasekaran and Grieve, 1998, Kumar and Rajotia, 2005) . CAPP systems are typically used to optimise the time to manufacture a component once a component has been fully defined (Kang Han and Moon, 2003 , Marri Gunasekaran and Grieve, 1998 , Zhou et al., 2007 .
There are two main limitations with current CAPP systems; a lack of automation (Sadaiah et al., 2002 , Kang Han and Moon, 2003 , Lee Jhee and Park, 2007 and unidirectional data flow (Zhou et al., 2007 ) from a Computer Aided Design (CAD) tool to a dedicated process planning system. If a system is to aid understanding of cost and required manufacturing resources, data should flow back to the source; the CAD tool. A bidirectional data flow should allow a design team utilising a CAD tool to understand the effect of design decisions in terms of cost and required manufacturing resources. For instance a single value or range of unit cost would allow a design team to make a decision, in terms of cost, about a component design. But, the ability to interrogate this unit cost and determine the cost drivers, would allow the design team to understand the cost and further improve it.
This paper proposes a framework and a system called DRES (Dynamic Resource Estimation System) to use dynamic DES of manufacturing processes by utilising CAD geometry and manufacturing data. The system will feedback resource based data to improve cost estimation and aid design team understanding.
The remainder of this paper is structured as follows: details of the framework and what is required in each area is described; DRES, the system being developed to implement the framework is described, with a proposed case study; and finishing with a summary and conclusions.
FRAMEWORK
To improve the current method of cost estimation for preliminary design, a new framework has been developed. The framework implements methods that aim to solve two limitations identified earlier:
• Providing a method to incorporate manufacturing simulation to improve unit cost estimation.
• Bidirectional data flow. This will aid designers to understand the consequences of design decisions in terms of cost. The framework can be considered as five sections: geometry, component information, production process determination, factory simulation and result publishing. These sections are linked together with a knowledge repository as shown in Figure 3 .
Figure 3: Framework sections The geometry section, involves the user modifying the component geometry through the use of a CAD tool. This requires that a parameterised geometry is first created, which the user can modify within the bounds of the parameterisation. When the user has completed making the necessary changes to the component geometry the user initiates DRES which implements the component information routine.
Component information, collects information about the component from the user for both the production process determination and factory simulation sections. The information collected is related to manufacturing, such as production rate, tool life requirements, and other specific questions relating to manufacturing methods.
Production process determination, uses a predefined process plan to generate manufacturing times for each viable manufacturing method. Determining a viable manufacturing method depends on three sources: component geometry, component information supplied by the user and knowledge held within a repository. A factory simulation will only take place for viable manufacturing methods. The criteria for viable manufacturing methods will depend on high level attributes, such as material compatibility, shape, size and historical precedence. When the production process has been created manufacturing operation times are calculated using all available data.
Factory simulation utilises data supplied by the production process determination section. A generic factory that corresponds to the production process is used for each manufacturing method. A generic factory model is made up of processes that are always present within a specific manufacturing method. Blocks represent the individual generic processes or machines, and data is supplied to each of these, in the form of distributed operation times from the knowledge repository. Machines have a set maximum utilisation; when a machine approaches this maximum utilisation another machine is brought online. The goal of the factory simulation is to determine the resources (number of machines and operators) required to manufacture the component at the required production rate. The results -number of machines and other resources, utilisations of each resource and times components spent in process/idle -are used by the results publishing section.
The results publishing section acts as feedback to the user. It returns resources required for the data specified by the user for each possible manufacturing method considered. If required, the user can specify a set of assumptions that allows a cost to be estimated. The user can then interrogate the cost to determine the cost drivers which could be used to optimise the component geometry.
DRES is being developed by utilising a case study to understand the data requirements of the framework. The case study will prove whether the framework and system configuration works in the correct manner, for multiple geometric values, materials and multiple manufacturing processes.
DESIGN RESOURCE ESTIMATION SYSTEM (DRES)
The preliminary system incorporates five tools: a CAD tool (Unigraphics NX (UGS NX)), a GUI written in C#, a database (Microsoft Access), a simulation tool (Anylogic) and a static cost modelling tool (Vanguard studio). Figure 4 shows which tools are used by each framework section. 
Proposed case study
The proposed case study is a cylindrical component that has three dimensions, inner and outer diameter and length ( Figure 6 ). A cylinder was chosen because it is a representation of an aero engine case, which will be used for a full case study. The case study will be able to compare manufacture of the component from three different starting shapes produced from different manufacturing methods, these include: machining from standard sized bar or tube, machining from a Ring Rolled Forging and machining from net shaped powder Hot Iso-static Pressing (HIP). Each of these starting manufacturing methods are governed by rules. For standard sized bar the diameters and length are constrained to common sizes, which, as the diameter of the component increases the availability of standard bar diameters reduces. Powder HIPing geometry is constrained by the geometry of the required pressure vessel. Ringed Rolled Forging has geometric limitations that are larger in diameter than powder HIPing but is limited in its net shape accuracy.
The geometry of the component is tested against the constraints of each manufacturing methods. If the geometry fits within the constraints a shape is created using the governing rules from each manufacturing method. In terms of the standard bar process, a diameter will be selected, from the knowledge data-base, that is either 10mm or 5% larger than the component diameter, depending on which is larger. The manufacturing constraints may result in a limited number of possible manufacturing methods. For instance, if the component external diameter is larger than 1.5m the only possible manufacturing route, in terms of DRES, is the Ring Rolled Forging process. Figure 7 : DRES logic Figure 7 shows the high level logic that DRES follows. It can be seen that the second routine implemented is 'Starting shape'. This routine is where the shape produced by each manufacturing process, if applicable, is created. These shapes are passed onto the next routine 'Machining Op time', which determines the time to complete each machining operation, based on the geometry, and manufacturing data, such as speeds and feeds.
FUTURE WORK
A number of developments and limitations have been identified from DRES. Currently DRES has its own ability to estimate manufacturing times, but further development would seek to use a Computer Aided Manufacturing (CAM) tool, to generate the machining times. This development will be necessary to enable complex components, with multiple machining operations, to be dealt with by the system.
Manufacturing process planning is currently semi-automatically completed within DRES. For complicated components with multiple machining options, this ability, either automatic or semi-automatic, would require development in either or both standard features and Automated Feature Recognition technology (Babic Nesic and Miljkovic, 2008, Han Pratt and Regli, 2000) . Therefore, for the foreseeable future a semi-defined process plan will be required for complex components.
Optimisation can be applied to factory simulation within DRES. For each design alternative, optimisation of capacity within the factory can be conducted. These optimisations would aid identification of the most cost effective manufacturing solution. Also, DRES could allow optimisation of component design. By specifying a range of possible geometric values a minimum unit cost could be found. This would allow interactions between geometry inputs to be analysed in terms of cost.
The primary objective of DRES is to provide dynamic supply chain and manufacturing simulation data to be used in unit cost estimation. DRES can be used to optimise the required resources for a specified production rate, but this represents an ideal single use factory. A more realistic utilisation of DRES would be to determine the necessary extra resources to meet a specified production rate, within a factory that is producing multiple components.
A proposed component for a full case study of DRES will be of a large civil engine casing. This case study will focus on the design decision between the traditional manufacturing route of Ring Rolled Forging, and near net shape powder HIP. This design decision is complex because of several factors:
• Powder HIP lead times are significantly shorter than Ring Rolled Forging lead times • Powder HIP allows for near net shape condition of supply, thus reducing material waste and machining time • Powder HIP could allow for net shape surfaces to be used • Powder HIP requires a different manufacturing process that involves a number of batching process • Powder HIP allows for a change in material to a higher temperature alloy. This would allow a change in design to reduce weight or increase performance
SUMMARY AND CONCLUSIONS
A review of cost estimation methods shows that many of the existing methods are based on static models. Static models can be limited in their ability to properly represent dynamic systems. It is therefore suggested that DES should be incorporated into a costing system. To aid the incorporation of factory simulation into a costing system a direct approach has been taken. A direct coupling to a CAD tool, allows bidirectional data flow because the system is run within the CAD tool. This allows data to feedback to the design environment, the CAD tool.
This paper presents a framework specification that combines CAD, CAPP and CAM technologies with a knowledge database, to provide data for conducting manufacturing simulations and improve cost estimation. By combining these technologies with a knowledge database and a GUI, feedback of unit cost estimation and manufacturing resources can be given directly to a design team within their design envi-ronment. This feedback should aid a design team to understand the consequences of design decisions in terms of cost and manufacturing resources.
A system is being developed to implement the framework and a case study of a cylindrical component will be used to prove the system. A cylinder is being used because it is representative of a proposed full case study; a large civil aero engine case.
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